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Background. Unilateral ureteral obstruction (UUO) is a well established
experimental model of renal injury leading to interstitial fibrosis. The
molecular and cellular mechanism(s) of interstitial fibrosis in UUO are
beginning to be elucidated. In the progression of interstitial fibrosis in
UUO, up-regulation of collagen synthesis is commonly observed. HSP47 is
a collagen-binding stress protein and is thought to be a collagen-specific
molecular chaperone, which plays a pivotal role during the biosynthesis
and secretion of collagen molecules in the endoplasmic reticulum. The
synthesis of HSP47 has been demonstrated to always parallel that of
collagen in physiological and pathophysiological conditions. It is well
recognized that renin-angiotensin system (RAS) is enhanced in the setting
of UUO and that enhanced RAS has been implicated in the pathogenesis
of interstitial fibrosis in the obstructed kidneys.
Methods. To investigate the role of HSP47 in the progression of
interstitial fibrosis in mouse UUO, the expression of HSP47 was examined
by Northern blotting, immunohistochemistry and in situ hybridization in
the obstructed kidneys. To test the possible involvement of enhanced RAS
on the HSP47 expression, we examined the effects of lisinopril, an
angiotensin converting enzyme inhibitor, on interstitial fibrosis, HSP47
and type I collagen mRNA expression.
Results. By Northern blot analysis, HSP47 mRNA was significantly
up-regulated at 12 hours (about twice that of sham operated kidneys) after
the onset of ureteral obstruction, further increased and stayed at the
increased level until seven days (about 8 times that of sham operated
kidneys). HSP47 mRNA and protein expression were observed in the
periglomerular and peritubular interstitial regions of the obstructed
kidneys. Distribution of smooth muscle a actin and type I collagen
immunoreactivity were similar to the HSP47 distribution pattern, suggest-
ing that HSP47 was up-regulated in the myofibroblasts. Lisinopril amelio-
rated the expansion of cortical interstitium in the obstructed kidneys at
four and seven days after ureteral obstruction. HSP47 mRNA expression
was suppressed at four and seven days, whereas type I collagen mRNA was
suppressed only at seven days after the onset of ureteral obstruction.
Conclusions. These results demonstrate the early and persistent up-
regulation of HSP47 during the progression of interstitial fibrosis in mouse
UUO kidneys, and further suggest the potential role of HSP47 in the
pathogenesis of interstitial fibrosis in the obstructed kidneys. Partial
suppression of HSP47 mRNA expression by lisinopril at day 4 and day 7
after ureteral obstruction suggests that there are other immediate trig-
ger(s) that induce the HSP47 mRNA expression. Identification of the
molecular mechanism of HSP47 induction during UUO may give an
insight into the novel aspects of the molecular pathophysiology of
interstitial fibrosis in obstructive nephropathy.
Exposure of living cells to environmental stress (high
temperature, arsenite, heavy metals, oxidants), or patho-
physiological stress (infection, ischemia, inflammation)
rapidly induces a group of proteins known as heat shock
proteins (HSPs)/stress proteins. The major mammalian
stress protein families such as HSP90 and HSP70, and
HSP28 have been well characterized [1].
A 47-kD heat shock protein (HSP47) is a collagen-
binding stress protein found in collagen producing cells
[2–4]. Previous works revealed that HSP47 acts as a molecular
chaperone during the processing and/or secretion of procol-
lagen in the endoplasmic reticulum. Recombinant mouse
HSP47 was demonstrated to bind to types I to V collagen
with a similar association constant [5]. The expression of
HSP47 has been shown to be closely correlated with the
expression of various types of collagen in cultured cells [2,
6, 7]. Interestingly, the antisense oligonucleotide for the
HSP47 decreases the protein level of type I collagen in
cultured fibroblasts [8]. It was reported in an in vivo animal
study, that both HSP47 and type I and III collagens are
clearly induced during the progression of rat liver fibrosis
caused by the administration of carbon tetrachloride [9].
These results suggest the pivotal role of HSP47 in the
synthesis, processing, and secretion of procollagen in vari-
ous types of cells.
Renal interstitial fibrosis is one of the common his-
topathological features of progressive renal disease of
diverse etiology. Chronic unilateral ureteral obstruction is a
well characterized experimental model of renal injury
leading to tubulointerstitial fibrosis that was pioneered by
Klahr and colleagues [10]. The acute hemodynamic abnor-
malities in ureteral obstruction have been well described.
However, the cellular and molecular mechanism(s) of
interstitial fibrosis in obstructed kidneys are beginning to be
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elucidated. In the present study, we examined the biological
relevance of HSP47 to the progression of interstitial fibrosis
in a mouse ureteral obstruction model by studying the
expression of HSP47 and type I collagen mRNA and the
localization of HSP47 mRNA and protein. In this model of
interstitial fibrosis, involvement of the renin-angiotensin
system in the progression of fibrosis has been demonstrated
[11]. Thus, the effects of angiotensin converting enzyme
inhibitor (ACEI) on the expression of HSP47 mRNA, type
I collagen and the histological changes of the kidney were
also studied.
METHODS
Experimental protocol
Male BL6/C3H F1 mice, weighing 25 to 30 g, were used
in these experiments. The general procedure for the mouse
unilateral ureteral obstruction (UUO) operation is the
same as that described for the rat experiment [12]. After
induction of general anesthesia by the intraperitoneal
injection of pentobarbital (50 mg/kg body wt), the mice
were subjected to either unilateral ureteral obstruction
(UUO) or a sham operation. In UUO animals, the left
ureter was identified through a small suprapubic incision
and was ligated with 4-0 silk at two points and cut between
the ligatures in order to prevent retrograde urinary tract
infection. The sham operation consisted of a similar supra-
pubic incision and identification of the left ureter, but
ligation of the ureter was not performed. These animals
were used to obtain “control” kidneys.
Experimental groups and interventions
Experiments were performed at 12 hours (N 5 8), one
day (N 5 12), four days (N 5 12), and seven days (N 5 12)
after UUO. The sham operated groups (N 5 12) were used
as controls. In a preliminary experiment, we tested the
time-dependency of HSP47 induction after sham opera-
tion, and found no difference in the HSP47 expression;
thus, we chose the time point of four days after sham
operation for the controls. To ascertain the role of angio-
tensin II (Ang II) in HSP47 expression, four to six animals
in each group were treated for 24 hours before and during
UUO with lisinopril (20 mg/kg/day), an angiotensin con-
verting enzyme inhibitor, which was administered orally
once daily by gastric gavage. The other animals that did not
receive lisinopril were given the same amount of vehicle
(distilled water).
Measurement of plasma renin activity
EDTA-treated plasma was obtained from each mouse
just before sacrifice and stored at 280°C until use. Plasma
renin activity was measured using a commercial kit (SRL,
Tokyo, Japan).
Tissue preparation, RNA extraction and Northern blot
analysis
For the histological studies, the mice were anesthetized
with pentobarbital, the kidneys were then perfused in situ
with cold phosphate buffered saline (PBS), and then with a
cold 4% paraformaldehyde (PFA) solution. The kidneys
were removed, sliced transversely in 2 to 3 mm thick
sections, immersed in the same PFA solution for four hours
at 4°C, and embedded in paraffin or Tissue-Tec O.T.C
compound (Miles, Elkhart, IN, USA). Four-micrometer-
thick paraffin sections were subjected to Masson’s
trichrome staining.
For RNA extraction, the kidneys were perfused in situ
with cold PBS, removed and snap-frozen in liquid nitrogen
and kept at 280°C until use. A whole kidney was homog-
enized with a Polytron homogenizer (Kinematica, Switzer-
land) in TRIzol reagent (3 ml for a whole kidney; GIBCO
BRL, Gaithersburg, MD, USA) and the total cellular RNA
was prepared by acid guanidinium thiocyanate-phenol-
chloroform extraction procedure according to the manu-
facture’s instructions [13]. Twenty micrograms of RNA
were size-fractionated on 1% agarose-formaldehyde gel,
and transferred to a nylon membrane filter (Hybond N1;
Amersham, Boston, MA, USA), and cross-linked by ultra-
violet wave irradiation. Prehybridization of the membranes
was done for two hours at 42°C in a buffer containing 5 3
SSPE (1 3 SSPE 5 150 mM NaCl, 11 mM NaH2PO4, 2 mM
EDTA), 10 3 Denhardt’s (100 3 Denhardt’s 5 2% Ficoll,
2% polyvinylpyrroridone, 2% bovine serum albumin), 0.5%
SDS, 100 mg/ml denatured salmon sperm DNA, and 50%
(vol/vol) formamide. The membranes were hybridized with
106 cpm/ml cDNA probes (described below) in hybridiza-
tion buffer (same as prehybridization buffer) for 24 hours
at 42°C. After hybridization, the filters were washed twice
for 15 minutes in 0.1 3 SSC (20 3 SSC 5 3 M NaCl, 0.3 M
sodium citrate, pH 7.0) with 0.1% SDS at 65°C. The
membranes were then autoradiographed with the intensi-
fying screens (Du Pont, Wilmington, DE, USA) at 270°C
for one to three days. The density of the bands were
quantitated with the computing densitometer Image Quant
(Molecular Dynamics, Sunnyvale, CA, USA).
The following 32P multi-prime-labeled DNA probes were
prepared by a rediprime DNA labeling system (Amersham,
Buckinghamshire, UK); a 1.5 kb HindIII- EcoRI fragment
of pMH47a [7] from mouse HSP47 cDNA, a 0.9 kb
PstI-PstI fragment of pcmI from mouse a1 (I) collagen
(type I collagen) cDNA (a kind gift from Dr. T. Tanaka,
Kyoto University, Kyoto, Japan). Rat glyceraldehyde-3-
phosphate-dehydrogenase (GAPDH) cDNA [14] was used
to monitor the variation of the sample loading.
In situ hybridization
A 1.5 kb HindIII-EcoRI fragment of mouse HSP47
cDNA was subcloned into pGEM 4Z. Antisense and sense
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RNA probes of HSP47 were labeled with digoxigenin
(DIG)-labeled UTP as described [15]. Kidney cryosections
(5 mm) were mounted on glass slides and air dried at room
temperature for one hour. Then, the sections were fixed in
freshly prepared 4% PFA for 20 minutes and then incu-
bated in 0.2 N HCl for 10 minutes, in proteinase K (5 mg/ml)
for 10 minutes and in 0.25% acetic anhydride/0.1 M trieth-
anolamine for 10 minutes. Hybridization was performed at
53°C for 16 hours in a solution containing 50% formamide,
2 3 SSC, 10% dextran sulfate, 10 mM Tris-HCl (pH 7.5), 1
mM EDTA, 0.1% sarkosyl, 0.02% SDS, 4 3 Denhardt’s
solution, 500 ng/ml denatured salmon sperm DNA, 500
ng/ml yeast transfer RNA, and 2.5 mg/ml of DIG-labeled
riboprobe. Sections were washed in a high stringency wash
(HSW) buffer (50% formamide, 2 3 SSC) for 30 minutes at
60°C, then treated with 20 ng/ml of ribonuclease A (Sigma
Chemical Co., St. Louis, MO, USA) at 37°C for 10 minutes,
and washed in HSW buffer for 10 minutes at 60°C, in 2 3
SSC at room temperature for 10 minutes and in 0.2 3 SSC
at room temperature for 10 minutes. Immunological detec-
tion of DIG was performed using a Genius nonradioactive
DNA detection kit (Boehringer Mannheim GmbH, Mann-
heim, Germany), according to the manufacturer’s protocol.
As negative controls, a DIG-labeled sense RNA probe was
used instead of an antisense probe.
Immunohistochemical study
Antibodies. To detect HSP47 protein expression in mouse
kidneys, rabbit anti-mouse HSP47 polyclonal antibody was
used. The method of production of this polyclonal antibody
was already described [16]. The successful uses of this
antibody for immunohistochemical study in mouse tissues
have already been reported [17, 18]. In addition to HSP47,
mouse monoclonal antibody against smooth muscle a actin
(SMaA; clone 1A4; Sigma) and rabbit anti-mouse collagen
I polyclonal antiserum obtained from Chemicon Interna-
tional Inc. (Temecula, CA, USA) were used as primary
antibodies. To avoid the nonspecific binding of the second
antibody (anti-mouse IgG antibody) to the mouse kidney
sections, we biotinylated the mouse monoclonal antibody
by using Biotin Protein Labeling Kit (Boehringer Mann-
heim). Cryosections obtained from UUO kidneys (4 days)
and contralateral control kidneys were fixed in ice-cold
acetone for 30 minutes. Incubation of the cryosections for
five minutes at room temperature in the trypsin (0.1%) was
performed when anti-type I collagen antibody was used as
the first antibody. The sections were incubated in a 99:1
methanol/H2O2 solution for 30 minutes at room tempera-
ture to inactivate the endogenous peroxidase activity, then
washed in PBS for 10 minutes three times, preincubated at
room temperature in blocking solution (PBS containing 5%
goat serum and 1% bovine serum albumin for rabbit
antiserum or PBS containing 1% bovine serum albumin for
mouse monoclonal antibody) for 30 minutes, washed in
PBS three times, three minutes each time; the first anti-
bodies (anti-mouse HSP47 polyclonal antibody, 1:1000,
anti-mouse type I collagen polyclonal antiserum, 1:100,
anti-SMaA mouse monoclonal antibody, 5 mg/ml) were
then applied to the sections. Incubation with the first
antibody was performed for 16 hours at 4°C. After removal
of the first antibody and three serial washes in ice-cold PBS,
the sections were incubated with the second antibody (a
biotinylated goat anti-rabbit antibody, 1:150, Vector ABC
kit; Vector Laboratories, Inc., Burlingame, CA, USA) for
one hour at room temperature, followed by three washes in
ice-cold PBS when polyclonal antiserum was used as the
first antibody. When biotinylated mouse monoclonal anti-
body was used, incubation with the second antibody was
omitted and the following procedure was performed imme-
diately after three serial washes of the incubation with the
first antibody. An avidin-biotinylated horse-radish peroxi-
dase complex (Vector) incubation for 40 minutes at room
temperature was performed. The peroxidase activity was
visualized with a solution containing 0.6 mg/ml of p-
dimethyl aminobenzaldehyde and 10 mg/ml of H2O2 in 50
mM Tris-HCl (pH 6.85) using DAB-buffer tablets (Merck,
Darmstadt, Germany). After counterstaining in methyl-
green, the sections were mounted. Negative control studies
were performed by using non-immunized normal rabbit
serum for rabbit polyclonal antibody and normal mouse
IgG (Santa Cruz Biotechnology, Inc., Santa Cruz, CA,
USA) for mouse monoclonal antibody instead of the first
antibodies. No positive signals were observed in negative
controls (data not shown).
Morphometric analysis of the interstitial fibrosis in
Masson’s trichrome stained sections
The area of the fibrotic lesion of cortical interstitium was
determined on the sections stained by Masson’s trichrome
method to stain the collagen fibers (stained in light blue) in
the tubular basement membrane, glomeruli and interstitial
space. Under high power magnification (3400), ten con-
secutive non-overlapping fields from the cortical region
were analyzed. The fibrotic areas stained in light blue in the
interstitium and tubular basement membrane were picked
up on the digital images using a computer-aided manipu-
lator (microscope, Leitz DM IRB; software, Quantimet
5001, Leica, Tokyo, Japan) and the percentage of the
fibrotic area relative to the whole area of the field was
calculated (percent fibrosis area). Glomeruli and large
vessels were not included in the microscopic fields for
image analysis. In the preliminary measurements, we also
determined the percent fibrosis area by a point counting
method as described already [12], using a grid containing
117 (13 3 9) sampling points superimposed on the photo-
graph. We obtained a similar values of percent fibrosis area
by both methods, so we decided to do the rest of the
analysis by computer-aided method, because this method
required less time compared to the point counting method.
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The scores of the ten fields of each kidney were averaged.
The scores of six separate animals were then averaged.
Analytical procedure
All values are expressed as mean 6 SD. When groups of
more than three were compared, one-way analysis of
variance was performed. A comparison between two
groups was performed with Student’s t-test. Statistically
significant differences between groups were defined as P
values less than 0.05.
RESULTS
Effects of unilateral ureteral obstruction on the
expression of heat-shock protein 47 mRNA
The expression of HSP47 mRNA in mouse kidneys
during unilateral ureteral obstruction was investigated.
Figure 1 shows the autoradiograms of the time course of
HSP47 mRNA induction during UUO at 12 hours, one day,
four days and seven days following the onset of ureteral
obstruction. The HSP47 mRNA level was very low in
sham-operated kidneys. Also, in contralateral control kid-
neys, the HSP47 mRNA level at all time points was similar
to the sham operated kidneys (data not shown). On the
contrary, HSP47 mRNA was markedly induced after UUO,
and this induction seemed to be time-dependent (Fig. 1).
Figure 2 shows a quantitative analysis of the autoradio-
grams. HSP47 mRNA in UUO significantly increased as
early as 12 hours after ureteral obstruction compared to the
sham operated kidneys (about twice that of sham), further
increased at one day, and stayed at the increased level
(about 8 times that of sham) at four days and seven days
following the onset of ureteral obstruction.
Immunohistochemical study of heat-shock protein 47,
type I collagen and smooth muscle a actin
To clarify the localization of HSP47 protein expression in
obstructed kidneys, immunohistochemical analysis of
HSP47 was performed using anti-mouse HSP47 polyclonal
antibody. Figure 3 shows the representative appearance of
the immunolocalization of HSP47 in the UUO kidneys
(Fig. 3B) and contralateral control kidneys (Fig. 3A) four
days after UUO. Similar results were obtained in the
obstructed kidneys seven days after the onset of ureteral
obstruction (data not shown). At four days following ure-
teral obstruction, HSP47 immunoreactivity was observed in
the periglomerular and peritubular interstitium of the
obstructed kidneys (Fig. 3B). On the contrary, only little
immunostaining was seen in the contralateral control kid-
neys (Fig. 3A). Type I collagen immunoreactivity was also
studied (Fig. 3 C, D). The overall appearance of the
sections was slightly different from that of HSP47, because
the sections were treated with 0.1% trypsin for five minutes
prior to the incubation with the first antibody. We found a
similar distribution pattern of type I collagen immunoreac-
tivity to that of HSP47 in the obstructed kidneys (Fig. 3D).
Only little immunoreactivity was observed in the contralat-
eral kidneys (Fig. 3C). The distribution of SMaA immuno-
reactivity was also investigated (Fig. 3 E, F) and it turned
out to be almost identical to that of HSP47 in the ob-
structed kidneys (Fig. 3B). In the contralateral control
kidneys, SMaA immunoreactivity was observed only in the
arteries, and an example of the efferent arteriole appears in
Figure 3E.
In situ hybridization of heat-shock protein 47
Figure 4 shows the representative appearance of in situ
hybridization using a DIG-labeled HSP47 riboprobe in
UUO kidneys. There was a nonspecific staining especially
in the nuclei in both antisense and sense probe-hybridized
sections. However, the difference in the intensity of the
signals between the antisense (Fig. 4A) and sense (Fig. 4B)
hybridized sections is clear in the periglomerular and
interstitial fibrotic lesions (indicated by arrows in Fig. 4). In
the obstructed kidneys from UUO mice (2 days), signals for
HSP 47 mRNA were observed in the periglomerular and
interstitial spaces (Fig. 4A). This distribution pattern of
HSP47 mRNA is in good agreement with the distribution
of HSP47 immunoreactivity already shown in Figure 3. In
the contralateral control kidneys, only a few hybridization
signals for HSP47 mRNA were observed (data not shown).
Morphometric analysis of the obstructed kidneys and the
effects of lisinopril
Microscopic sections obtained from the experimental
kidneys of mice one day after the onset of obstruction
revealed dilated tubules and a slight expansion in the
Fig. 1. Northern blot analysis of total RNA
from obstructed mouse kidneys for heat-shock
protein 47 (HSP47) mRNA. The total RNA was
isolated from whole kidneys obstructed for 12
hours, one day, four days, and seven days. As a
control, RNA from sham operated kidneys are
shown. Contralateral unobstructed kidneys were
also examined, but no induction was observed,
so the autoradiograms were omitted for the
purpose of clarity. A major 2.5 kb transcript for
HSP47 is observed in all lanes. Transcript levels
of GAPDH mRNA are shown in the lower
panel.
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interstitium (Fig. 5B) when compared to the kidney sec-
tions from sham operated mice (Fig. 5A). The experimen-
tal kidneys of mice with ureteral obstruction of seven days
duration had greatly expanded interstitium with marked
increases in cellular infiltration (Fig. 5C). The obstructed
kidneys of mice treated from 2one day to seven days
following ureteral obstruction with lisinopril had a modest
expansion of the interstitium with increased cellular ele-
ments (Fig. 5D), but not to the extent as those seen on day
7 in mice without lisinopril treatment (Fig. 5C). The
relative fraction of fibrosis area in the cortical interstitium
was expressed as the percent of fibrosis area (Fig. 6). UUO
of four and seven days duration resulted in a significant
increase in the percent fibrosis area in the obstructed
kidneys compared to the kidneys from sham operated mice.
No significant changes were observed in the contralateral
control kidneys from one-, four- and seven-day UUO
animals compared to the kidneys from sham operated
animals in both the lisinopril treated and vehicle treated
groups (data not shown). The obstructed kidneys from mice
treated with lisinopril from day 21 to day 4 or to day 7
showed a significant decrease in the percent fibrosis area
compared to the vehicle treated animals.
Plasma renin activity
To ascertain the pharmacological effect of lisinopril,
plasma renin activity was measured in UUO mice treated
with (7 days) or without lisinopril. Plasma renin activity was
significantly greater in mice with UUO treated with lisino-
pril (50.9 6 13.1 ng/hr/ml vs. 18.8 6 6.0 ng/hr/ml in
untreated mice with UUO, P , 0.05), confirming the
pharmacological effect of lisinopril in mice with UUO as an
angiotensin converting inhibitor.
Effects of angiotensin converting enzyme inhibitor
administration on mRNA levels of heat-shock protein 47
Lisinopril was used to test the possible involvement of
the renin-angiotensin system in the induction of HSP47
during UUO. As shown in Figure 7, lisinopril administra-
tion significantly suppressed the mRNA levels of HSP47 at
four days and seven days after the onset of ureteral
obstruction. Representative autoradiograms of HSP47
mRNA in mice with or without lisinopril treatment are
shown in Figure 8 (top panel). There was no difference in
the HSP47 mRNA levels between the vehicle-treated and
lisinopril treated mice with ureteral obstruction of 12 hours
or one day duration (Fig. 7). This result suggests that the
renin-angiotensin system may not be the immediate stim-
ulus of HSP47 mRNA induction in the obstructed kidneys
after unilateral ureteral obstruction.
Expression of type I collagen and the effect of lisinopril
The representative appearance of type I collagen mRNA
expression in mice with UUO with or without lisinopril
treatment is shown in Figure 8 (middle panel). Only a faint
signal for type I collagen mRNA is detected in control
kidneys. There was a significant increase in the type I
collagen mRNA levels four days and seven days following
UUO (Fig. 8); however, in contrast to HSP47, there was no
increase in type I collagen mRNA level at one day after the
Fig. 2. Quantitative analysis of heat-shock
protein 47 (HSP47) mRNA expression in
obstructed (UUO; f) and contralateral control
(p) kidneys. Densitometric values of the HSP47
transcript levels are shown as a fold increase
over the sham operated control kidneys. A
significant difference between the obstructed
and sham operated control kidneys was
observed at 12 hours (*P , 0.05 vs. Sham), and
at one, four, and seven days (**P , 0.01 vs.
Sham) after the onset of ureteral obstruction.
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Fig. 3. Avidin-biotinylated horseradish peroxidase immunolocalization of heat-shock protein 47 (HSP47), type I collagen and smooth muscle a actin
(SMaA) in obstructed and contralateral control kidneys, four days after ureteral obstruction. Lightfield photomicrographs of fresh-frozen sections
reacted with rabbit polyclonal anti-HSP47 antibody include the cortical region of a cryosection from a contralateral control kidney (A) and obstructed
kidney (B) (3400). Cryosections reacted with rabbit polyclonal anti-type I collagen antibody, from a contralateral control kidney (C) and from an
obstructed kidney (D) (3400). Cryosections reacted with mouse monoclonal anti-smooth muscle a actin antibody, from a contralateral control kidney
(E) and from an obstructed kidney (F) (3400).
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Fig. 4. In situ hybridization of heat-shock protein 47 (HSP47) mRNA in the obstructed and contralateral control kidneys, two days after the onset of
ureteral obstruction. Lightfield photomicrographs of fresh-frozen sections (3300). (A) Hybridized with DIG-labeled antisense HSP47 riboprobe;
cryosection from an obstructed kidney. (B) Hybridized with sense HSP47 probe; cryosection from an obstructed kidney (3300). Consecutive sections
used in (A) and (B) are showing the same glomerulus. Arrows in (A) indicate the examples of positive hybridization signals for HSP47 mRNA, and the
corresponding arrows in (B) indicate the similar area in the sense-probe hybridized section.
Fig. 5. Effects of lisinopril treatment on the histology of the kidney cortex of mice with ureteral obstruction. Representative sections of a kidney from
a sham operated mouse (A) and a vehicle-treated mouse, one day after ureteral obstruction (B). Also shown are representative sections of a kidney from
a vehicle treated mouse, seven days after ureteral obstruction (C) and from a mouse treated with lisinopril, from one day before to seven days after the
onset of ureteral obstruction (D). All sections were stained with Masson’s trichrome method and are magnified at 3200 .
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onset of ureteral obstruction (data not shown). Densitom-
etry analysis of the type I collagen mRNA is shown in
Figure 9. In the mice treated with lisinopril, a significant
decrease in the type I collagen mRNA, compared to
untreated mice, was observed only at seven days following
ureteral obstruction.
DISCUSSION
Although HSP47 was originally identified as a heat-
inducible glycoprotein in fibroblasts and has been demon-
strated to play a major role in the quality control of
collagens under heat-stress conditions, the biological role
of HSP47 under non-stressed conditions has been attract-
ing attention. HSP47 binds to the nascent procollagen
immediately after procollagen is translated into the endo-
plasmic reticulum [19]. Procollagen chains must be un-
folded until the carboxyl termini is translated and makes
contact with each other to form the triple-helix. HSP47 is
thought to prevent the incorrect unfolding and aggregation
of nascent procollagen polypeptide chains until the correct
carboxy-terminal association has been made. It has been
demonstrated that the expression level of the HSP47
protein correlates well with the levels of collagen synthesis
Fig. 6. Effects of lisinopril on the morphometric changes of the cortical
interstitium in unilateral ureteral obstructed (UUO) kidneys. Symbols
are: (M) Sham; (‘) Sham 1 lisinopril; (f) obstruction; (p) obstruction 1
lisinopril. The percent fibrotic area relative to the whole field was
calculated by computer-aided manipulator. Six animals for each group
were examined. A significant increase in the fibrosis area was observed at
four days (P , 0.05) and seven days (P , 0.01) compared to the sham
group. Lisinopril treatment significantly ameliorated the cortical intersti-
tial fibrosis at four days (P , 0.05) and seven days (P , 0.01) compared
to the vehicle-treated groups.
Fig. 7. Effects of lisinopril on heat-shock protein 47 (HSP47) mRNA
levels during unilateral ureteral obstruction (UUO). The relative levels of
the densitometric values of HSP47 mRNA in lisinopril treated mice (N 5
6) compared to the vehicle treated mice (N 5 6) are shown. There was a
significant difference between the lisinopril treated and vehicle treated
groups at four days and seven days after the onset of ureteral obstruction.
Lisinopril (20 mg/kg/day) was given to the animals from one day before
and during the ureteral obstruction. *P , 0.05 vs. untreated.
Fig. 8. Representative autoradiograms of heat-shock protein (HSP47)
and type I collagen mRNA in control and lisinopril treated mice with
unilateral ureteral obstruction (UUO). Twenty micrograms of total RNA
isolated from the kidney of a sham operated mouse and from the
obstructed kidneys of UUO mice for the duration of four days and seven
days were size-fractionated by agarose gel (1%). The RNA were trans-
ferred to nylon membranes, then probed with the 32P-labeled HSP47 (top
panel) cDNA, type I collagen (the second panel) and GAPDH (the third
panel). The bottom panel shows the appearance of the ethidium bromide
staining of the gel. Lane 1, sham operated kidney; lane 2, UUO for four
days without lisinopril treatment; lane 3, UUO for four days with lisinopril
treatment (20 mg/kg/day); lane 4, UUO for seven days without lisinopril
treatment; lane 5, UUO for seven days with lisinopril treatment (20
mg/kg/day).
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in in vitro cell culture systems [7, 20]. The only exception to
this rule is when HSP47 is induced by heat shock or other
forms of stress, after which HSP47 is rapidly induced while
collagen synthesis is not increased [21, 2].
In in vivo pathophysiological conditions, up-regulation
and colocalization of HSP47 and type I collagen mRNA
and protein expression was demonstrated in rat livers
during the progression of carbon tetrachloride-induced
liver fibrosis [9]. In this model of liver fibrosis, HSP47
expression was demonstrated to increase two weeks after
disease induction. In the present study, we found that
up-regulation of HSP47 mRNA occurred as early as 12
hours after ureteral obstruction. Our present observation is
the first demonstration of the acute up-regulation of HSP47
in the experimental model, which leads to the increased
expression of procollagen mRNA with concomitant fibrotic
change of the interstitium. Immunohistochemistry and in
situ hybridization demonstrated mRNA and protein ex-
pression of HSP47 in the cortex of kidneys from UUO mice
localized in the peritubular interstitial space and periglo-
merular region of the obstructed kidneys. Immunostaining
of the smooth muscle a actin in the obstructed kidneys was
also examined, and we found a similar distribution pattern
between HSP47 and smooth muscle a actin. Immunolocal-
ization of type I collagen also revealed a similar distribution
of type I collagen to that of HSP47. Thus, we speculate that
the cells expressing HSP47 are presumably myofibroblasts,
which have been demonstrated to appear during the pro-
gression of interstitial fibrosis in UUO [23]. Fibrotic
changes in the interstitium became significant four days
after obstruction in the obstructed kidneys, and a signifi-
cant increase in type I collagen mRNA also appeared four
days after the onset of ureteral obstruction. Hence, HSP47
mRNA up-regulation precedes the up-regulated expression
of type I collagen mRNA and fibrotic changes in the
interstitium. This sequence of changes in HSP47 mRNA,
type I collagen mRNA and interstitial fibrosis suggests that
overexpression of HSP47 is an upstream event and may
have a regulatory role in the pathogenesis of interstitial
fibrosis in UUO kidneys. Identification of the signal(s) that
turns on the accumulation of HSP47 mRNA as early as 12
hours after the onset of ureteral obstruction potentially is
of considerable importance for the molecular understand-
ing of the mechanism of interstitial fibrosis in UUO
kidneys. The transcription of heat shock genes is regulated
by cis-acting heat shock elements in the promoter region
and trans-acting heat shock factors [24]. In the 59-flanking
region of the HSP47 gene, a well-conserved heat shock
element consisting of three tandem repeats of five base pair
units (nGAAn, n is any nucleotide) is present [25]. This
suggests that under heat-shock conditions, HSP47 is in-
duced via a heat-shock-element-heat-shock-factor (HSE/
HSF) system as with other stress proteins. Further investi-
gation is required to uncover the molecular mechanism of
HSP47 gene activation during UUO, especially with regard
to the involvement of the heat-shock element. Increased
oxidative stress is a possible candidate of factors involved in
the transcriptional regulation of stress proteins via the
HSE/HSF system in the obstructed kidneys. Modi et al
reported that rats pretreated with probucol, a synthetic
antioxidant, had significantly reduced levels of malondial-
dehyde, a measure of lipid peroxidation, after release of
bilateral ureteral obstruction [26]. More recently, Ricardo
et al found a down-regulation of catalase, together with
Fig. 9. Densitometry analysis of Northern blot
autoradiograms for type I collagen during
unilateral ureteral obstruction (UUO).
Densitometric readings of the type I collagen
mRNA are shown as a fold increase compared
to those of the sham operated mice. Significant
changes compared to sham operated control
kidneys were observed at four days and seven
days after the onset of ureteral obstruction.
Lisinopril treatment significantly suppressed the
type I collagen mRNA expression at seven days
after the onset of ureteral obstruction. Symbols
are: (f) UUO/vehicle; (p) UUO/lisinopril;
*P , 0.001 vs. Sham; **P , 0.01.
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increased oxidant stress in UUO kidneys [27]. These re-
ports indicate the possible involvement of increased oxidative
stress in the pathophysiology of obstructive nephropathy.
ACEI treatment partially inhibited the up-regulated
HSP47 mRNA expression concomitant with significant
amelioration of the fibrotic changes of the interstitium four
days and seven days after ureteral obstruction. It is a matter
of interest whether HSP47 mRNA accumulation is induced
directly by angiotensin II. No reports describing the direct
induction of HSP47 mRNA by angiotensin II in an in vitro
cell culture system yet exist, so it is too early to discuss the
induction mechanism of HSP47 with regard to the action of
angiotensin II. Type I collagen mRNA was also significantly
decreased seven days after lisinopril treatment. In the
ACEI treated animals, changes by ACEI in HSP47 mRNA
expression preceded the changes in type I procollagen
mRNA. This sequence of change after ACEI treatment
again supports the notion described above that HSP47
mRNA induction is an upstream event during the process
of interstitial fibrosis in UUO kidneys; however, further
investigation is required to establish the role of HSP47 in
the progression of interstitial fibrosis of the kidney during
UUO.
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